. The critical size depends on the lowest temperature used in the aest and it depends on the salt concentrations outside and inside the volume [2] .It also is, to a certain extent, dependent of the freezing rate [3] . One can use the concept critical thicløess of a thin slice of the paste or one can use the critical diamzter of a spherical piece of the paste. Normally however, one uses the concept critical spacing factor \pwhich is the thickest water-saturated cement paste shell surrounding an air-pore. The spacing factor is a geometrical entity that is calculaaed on basis of the geometrical model shown in Figure 1 . Thus, all air-filled airpores are supposed to have the same diameter Q defined by: þ=6lc¡; (1) Where a is the specific surface of the air-filled portion of the air-pore system. This is defined by the tot¿l surface,/volume ratio of all pores that a¡e large enough not to stay air-filled.Then, the spacing factor L is; [4] : Y = {3lal.{ 1,4[Vn/a+t1 1/A-t t Where Vn is the volume fraction of cement paste (no air-pores included) and a is the volume of air-filled air-pores. The geometrical model behind E4-(].2) is too simplif,red.
A more general, statistical, spacing factor L'in which consideration can also be taken to the size distribution is derived in [5] . The fbllowing general equation is valid: a. { l+L'. a+L'2.cr ([u] This spacing factor implies that all points in the cement paste are with a certain probability located within the disønce L'from the periphery of the nearest air-filled air-pore.
The probability that the whole cement paste volume is protected increases with increa-(2) 2 ility is 63 Vo. When C--2,3 the probabith on the pore size distribution, as does also on the probability that all parts spacing factor defined bV Eq (2) is of re water; [6] . The value for freezing in prewater, bably it is a bit lower than for freezing in (4) Figure 1: The geometrical air-pore/cement paste model on which the Powers'spacing factor is based; [4] 1.2 THE CRITICAL WATER ABSORPTION The air-pores will not stay ai¡-hlled but will take up water by a slow air dissolution-diffusion process that is described below. This meansìhat the rêsidual spacing factor between pores that are still air-filled will increase with increasing time of ùater storage of the concrete. The relation between the residual spacing factor L, and the degree of= water-filling of the air-pore system can be calculated by Eq (2) SCR=l-q,CRAEtot (O<SçBcl) (8) Where P¡o, is the total pore volume in the concrete. Thus, by knowing the total airpore volume and by measuring the weight gain of a concrete stored in water for a_long iime the gradual wâaer absorptìon in the air-pores can be followed. By also investigating the pore lize distribution one can find relaúons between the pore size and the rate of watèr absorption. The relation between the two degrees of saturation is:
Sa,CR=1-Ptot(1-S6p)/ao (9) Where ao is the air-pore volume when all air-pores are actually air-filled. Two examples of the determination of the critical degree of saturation by tieeze/thaw experiments are shown in Figure 3 ; [71. E"/Eo The service lit'e of a representative unit volume inside the concrctc is cnded when Sr(t) exceeds the critical degree of saturation of the air-pore system Sa,CR which is supposed to be independent of time; at least for mature concrete.
The value of Sa,CR can be calculaaed theoretically according to the principles described above, provided the value Lçp of the critical spacing factor is known. Another possibility is to determine the value of S6p and Su,çp experimentally. Suitable methods a¡e described in [8] . Where the coeff,rcient B, and also to a certain extent the exponent C, is a function of the air-pore size distribution. The coefficient A is the degree of saturation of the entire pore system when all pores exept the air-pores are water-filled. Thu Coa¡ser bubbles will not dissolve directly but will stay air-filled for a long time. Air will disappear only gradually due to diffusion through the pore water to larger pores or to the surface. Due to this diffusion the bubble becomes smaller and smaller making the inaernal pressure higher. The dissolution rate will therefore increase with time. However, since the cross section of diffusion decreases with the reduction of the bubble size, the increase in dissolution rate is not directly proportional to the over-pressure. It might even be constant during the whole process; see pÍuagraph3.3.2. The dissolved aii migrates_through the pore water to larger air bubbles having ã lower internal pressure and, ñ-nally, to the surface of the material. The dissolution rate depends on the dit'fusivity of air in the pore water and is therefore a function of the water/biñder ratio and, since ditterent binders create different pore structures, it is also a function of the type of binderMany diffusion processes in concrete can be described by a ditïusion coefficient ô (m2ls) which is a simple function of the Vc-rario:
Alternatively, it is a function of the capillary porosity, P.: ô= kz+k3.P.n =k3.P.2 k1, k2, k3 and n are empirical coefficients deaermined by the diffusivity of air in pore water.
The raúe of dissolution will also be a function of the length of the diffusion path.
Hence, an air bubble that is very close to the surface of the concrete ought to be waterfilled before a similar bubble in the interior of the concrete. The dissolution will, however, nof occur as a moving boundary process. Since all bubbles are over-saturated with air, a local dissolution will occur simultanously in the pore water surrounding each bubble. The dissolved air will move to a neighbouring pore with a lower prelsure and from there to the next pore and so on. Finally, it reaches the surface. Therbfore, due to this inter-bubble diffusion and due to the extremely large number of bubbles, the dissolution will probably occur rather homogeneously withiñ a zone of a certain thickness.
This zone is probably considerably thicker than the so called critical thickness which is a measure of the largest material volume which is not harmed by frost even when frozen in a completely water saturated condition. The critical thickness is only about 0,3 to 0,5 mm for concreae [6] .
Seen over a larger material volume, there will of course be a cerøin gradient in air concentration in the pore water from the surface of the concrete inwards, due to the fact that diffusion to the surface must occur. This requires a gradient. In the normal, practical case, however, it is the outmost millimeters or cèntimeters of the concrete that is most interesting and this zone can be approxim ataly lr.eatÊd as a "non-gradient'' zone; at least when it comes to an analysis of the inter-bubble diffusion.
TTTE GLOBAL DIFFUSION
The global diffusion rate in the maaerial as a whole will, due to the inter-bubble diffusion, be a function of the air or bubble content. The larger the air content" the lower the inaer--bubble spacing and the larger the rate of air-diffuiion and water-hlling of the bubbles. The inaer-bubble spacing L can be described by the Powers'equation:
Where, a is the specific surface of the air-pore system, Vn is the volume fraction of cement paste (air pores excluded) and a is the air volume as a fraction of the concrete volume. 10 As a first approximation, the global diffusivity of dissolved air is therefore described by a function of the following type:
The constant ôo depends on the fineness of the pore structure. It might be a tunction of the type of cement and the type of mineral admixture used.
pq (3i) is plotted in Figure 5 . fne rate of air diffusion from the air bubbles will increase ririth incrêasing air coñtent and increasing Vc-ratio. In the real case, a higher air volume will, howevei, be favourable since it will take a longer time before the critical distance is exceeded. Hence, the service life is increased. In Figure 6 ,the observed values of the coefficient r'¡ describing the slow rate of water absorption during the long term storage of slag cement concretes in water is plotted versus the air content. q is defined by ÂS = q.log(time) where ÂS is the increase in the total degree of saturation of the concrete. The general shape of the curves are similar to those predicted by eq (31) and shown rn Figure 5 ;viz-the water absorption rate increases with increasing air content.
The total amount of air Q Gg) transferred over the distance Ax (m) during the time inaerval Ât (s) is described by:
rilhere A is the cross section of flow (m2) It is also quiae clear that there would be a gradual water-filling of bubbles even if there was no diffusion at all of air from those dissolved bubbles to the surface of the concrete. On the contrary, there must be a diffusion of water from. the surface to the interior of the concrete. This depends on the fact that there is a net volume reduction when air is dissolved and transferred to larger bubbles. This water uptake due to numerous local air transfers occuring simultaneously over the entire concrete body explains the observation that the long term absorption rate in concrete stored in water seems to be independent of the thickness of the specimen as long as this is not too large, [9] . This also means that the gradient in air concentration of the pore water from the interior to the surface might be rather small even in cases where a large amount of the smallest air bubbles are lost due to dissolution and water absorption. In the long run, however, when also the largest bubbles are lost, there must be a global gradient in concentration of dissolved air towards the surface.
The driving potential for diffusion of dissolved air from pore to pore is rather small, especially for the largest bubbles. For a pore system, as that treated in the example above, the air-pressure gradient is only about 1000 Pa leading to a gradient in dissolved air of about 2,5.10-4 kg/tn3 which is only I Vo ofthe the amount of dissolved air at normal pressure. Of course, the gradient is larger for smaller bubbles.
Rate of local diffusion
The 
This equation is much more difficult to handle since it implies that the rate of waterfilling of the air-pore is not a const¿nt but a function of the actual degree of saturation of the pore. It must be solved numerically. For the smallest air-pores, at least, eq (53) and (54) can be used without too much error. For those pores, which are also the most important for frost resistance, the diffusion path outside the pore is much larger than the diffusion path inside the pore. Besides, most of the air-pore volume is filled before the difference between the pore radius 11 and the bubble radius 11,, becomes very large.
4. The water absorption in model air-pore systems
4.l INTRODUCTION
In a real air-pore system there are air-bubbles of all sizes varying from about 5 pm to will be transferred from every pore irrespectively of its size to larger pores in the neighbourhood. Certainly, the pore will also recieve air from smaller adjacent pores. This is the case especialyîor thê larger pores. Therefore, it might be a ceitain delay before the pore will bè "a net exporteC'õf air migrating to still larger pores, or to the surface. Two different models for a description of this water-filling process is treated below. Only Model 1 is treaaed in this paper:
Model /: It is assumed that every pore starts to absorb water already when the capillary process is ended in its sunoundings. The rate of air diffusion from a pore expressed in terms of kg per second and the raae of water-filling of a pore is supposed to be the same for all pores; c.f.eq (54). Thus, a smaller pore is always compleaely filled before a larger one, but the water absorption is going on simultaneously in all pores. This model implies that the total water content in the air-pore system is not only distributed among the smallest pores but that all air-pores contain more or less water. Model I is a non--equilibrium model; the toøl free energy of the air-water system is higher than in Model2.
Model2: T\e net diffusion process ben¡¿een all air-pores in the system is such that a co¿ìrser pore will not start to take up water until the next smaller pore is completely waaer-frlled. This model implies that the total waaer content in the air-pore system is only distributed among the smallest pores while the coarser part of the pore system is completely air-filled (apart from a thin water meniscus along the periphery). Model 2 is the most plausible model from a thermodynamical point of view since it corresponds to the lowest free energy level of the sysaem. 
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The relation between the two distributions is: F(r) = f(r).VulVu' be the smallest pore that is not waaer-filled alreutilizing the real air-pore volume Vu:
In the following f(r) is used. The average pore radius r.,¡ in the interval Ár is defined:
.m,i = (r1+ri*1)/2 [m] The initial volume of air in one bubble of this size is:
The initial weight of this air is: Q1(rp,i) = V1(rr¡,i).po tkgl Where q'is the raae of air diffusion from the bubble in kg/s. q'is a function of the diffusion coefficient of the cement paste but not of the bubble size; see eq (51). Therefore, it depends on the total aþore volume, the dc-ratio the type of binder etc; see eq (31).
The time needed to empty an air bubble is directly proportional to the bubble volume.
The time process of air diffusion is schematically shownrn Figure 7 .The total air volume that has diffused in the concrete during the time 0 to t(r*,1) corresponding to the time it takes to completely frll the smallest bubbles (rro,1) is:
The total amount of air that has diffused afaer time t(rm,i) is: 
The total volume of air transported from the air bubbles, V'i is evidently a time func-20 tion; V'¡=V'[t(r-,i)] =V'(t).
After a very long time the total airpore system is water-filled. Then, the volume of air that has diffused equals the total initial air content in the air-pore system Vu': v'n = v'(r-,1) + v'(r-,2) +....-..+ V'(rnr,n) =V'u t*31 (67) The real volume of air t¡ansferred in the real air-pore system is obtained by multiplying eq (65), (66) and (67) by the factor Vu/V; where Vu is the real air-pore volume; see eq (5S)-The water volume Vw (Ð that has been taken up by the material at time t of diffusion is supposed to be equal to the volume at normal pressure of diffused air V'(t):
The mass of water taken up at time t is: wwiÐ = vw (r).1ü)o tkgl (69) The degree of water-filling at úme t, or the "real" degree of saturation Su(t), of the entire aþore sysaem is: This means that a considerable fraction of the absorbed water is contained in pores that a¡e coarser than the colmpletely water-filled hner pores which is shown by the following example:
Example: The effective degree of saturation is only 0,34 when the real degree of saturation is 0,50. This means that only 68 7o of the water is contained in completely water-filled pores and the rest in coarse, partly air-hlled pores. 
Where a2 is a constant which is determined by the total air-pore volume. b is a constant that gives the shape of the distribution. Ímax is the radius of the largest pore. The poy.er function gives a much more wide distribution than does the exponential function.
The tot¿l airpore volume is (for a2=L):
The tot¿l surface area is:
The specific surface is Au'lVu'.
In Figure I I F4uations for calculation of the water absorption in an arbritary air-pore system are provided. Two types of frequency curves of the pore radius are investigated in detail; (a) exponenúal functions; (b) power functions. Diagrams for the prediction of the absorption-time curves in such pore systems are provided.
The absorption rate is found to be very much depending on the shape of the pore size distribution; the exponential function giving much more rapid absorption at a given average specific surface of the air-pore system.
Experimental long term water absoqptions for 15 concretes are presented. The agreement between the theoretical absorption curves and the observed is tàirly good.
